(4-Hydroxy)mandelate synthase (HmaS) and (4-hydroxyphenyl)pyruvate dioxygenase (HPPD) are two ␣-keto acid dependent mononuclear non-heme iron enzymes that use the same substrate, (4-hydroxyphenyl)pyruvate, but exhibit two different general reactivities. HmaS performs hydrogen-atom abstraction to yield benzylic hydroxylated product (S)-(4-hydroxy)mandelate, whereas HPPD utilizes an electrophilic attack mechanism that results in aromatic hydroxylated product homogentisate. These enzymes provide a unique opportunity to directly evaluate the similarities and differences in the reaction pathways used for these two reactivities. An Fe II methodology using CD, magnetic CD, and variable-temperature, variable-field magnetic CD spectroscopies was applied to HmaS and compared with that for HPPD to evaluate the factors that affect substrate interactions at the active site and to correlate these to the different reactivities exhibited by HmaS and HPPD to the same substrate. Combined with density functional theory calculations, we found that HmaS and HPPD have similar substrate-bound complexes and that the role of the protein pocket in determining the different reactivities exhibited by these enzymes (hydrogen-atom abstraction vs. aromatic electrophilic attack) is to properly orient the substrate, allowing for ligand field geometric changes along the reaction coordinate. Elongation of the Fe IV AO bond in the transition state leads to dominant Fe III OO •؊ character, which significantly contributes to the reactivity with either the aromatic -system or the COH -bond. magnetic circular dichroism ͉ density functional calculations ͉ reaction coordinates
A large group of mononuclear non-heme iron enzymes exist that activate dioxygen to catalyze key biochemical transformations, including many of medical, pharmaceutical, and environmental significance (1) . These enzymes use high-spin (hs) ferrous active sites and additional reducing equivalents from cofactors or substrates to react with O 2 to yield iron-oxygen intermediates competent to transform substrate to product. In these systems, two general types of reactivity of iron-oxygen intermediates are observed: hydrogen-atom abstraction and electrophilic attack. (4-Hydroxy)mandelate synthase (HmaS) and (4-hydroxyphenyl)pyruvate dioxygenase (HPPD) are two ␣-keto acid-dependent mononuclear non-heme iron enzymes that use the same substrate, (4-hydroxyphenyl)pyruvate (HPP), but exhibit these two different general reactivities (Scheme 1), with HmaS performing hydrogenatom abstraction to yield benzylic hydroxylated product (S)-(4-hydroxy)mandelate and HPPD using an electrophilic attack mechanism resulting in aromatic hydroxylated product homogentisate (2, 3) . Thus, these enzymes provide an opportunity to evaluate the similarities and differences in the reaction pathways used for these two reactivities.
HmaS and HPPD are members of the ␣-keto acid-dependent dioxygenases, a large and expanding class of mononuclear nonheme iron enzymes that require Fe II , ␣-keto acid [usually in the form of ␣-ketoglutatarate (␣-KG)], and dioxygen for catalysis (1) . HmaS and HPPD are special, however, in that both atoms of dioxygen are incorporated into a single substrate because the ␣-keto acid moiety is covalently linked to the substrate. In the generally invoked mechanism in these systems, the resting forms are six-coordinate (6C) with binding of ␣-KG leading to a new 6C site with ␣-KG bound to Fe II in a bidentate fashion. Simultaneous binding of both ␣-KG and substrate leads to conversion to a 5C site, with ␣-KG remaining bidentately bound to Fe II . Reaction of this 5C site with O 2 leads to decarboxylation of the ␣-keto acid, believed to occur via nucleophilic attack of the bound dioxygen species on the carbonyl carbon of ␣-KG to generate CO 2 , succinate, and an Fe IV AO intermediate. Reaction of this 5C site with O 2 leads to decarboxylation of the ␣-keto acid, believed to occur via nucleophilic attack of the bound dioxygen species on the carbonyl carbon of ␣-KG to generate CO 2 , succinate, and an Fe IV AO intermediate. Although no iron-oxygen intermediates in the decarboxylation reaction have been directly observed, recent studies of taurine dioxygenase have led to the observation of a putative Fe IV AO species (4) (5) (6) . Reaction of the Fe IV AO intermediate with substrate would generate product and the resting ferrous site for subsequent reactions.
Previous studies of HPPD have provided important insight into the structure and reactivity of this enzyme. Crystallographic studies have shown a 6C resting site for HPPD with the presence of the facial triad (two histidine and one glutamate ligands) and three water ligands (7) . Although no crystal structure of HPP-bound HPPD has been reported, several inhibitor-bound HPPD structures exist (8, 9) . The structure of HPPD in complex with the drug NTBC 2-[2-nitro-4-(trifluoromethyl)benzoyl]-1,3-cyclohexanedione at 2.5-Å resolution showed NTBC bound bidentately to Fe II (9) , supporting previous magnetic circular dichroism (MCD) studies showing that HPP binds to Fe II in a bidentate fashion (10) . Kinetic studies of HPPD show an ordered bi-bi mechanism in which HPP is the first substrate to bind and CO 2 is the first product to dissociate (3, 11) . Importantly, the reaction of HPPD with HPP involves an NIH shift, with migration of the decarboxylated (aceto) side chain to the adjacent carbon of the aromatic ring (12) . Such an NIH shift also has been observed in the pterin-dependent hydroxylases, which is proposed to involve electrophilic attack of an aromatic ring by an Fe IV AO intermediate (1, 13) . Alhtough no structural studies of HmaS have been reported, the enzyme has a significant amount of sequence similarity with HPPD (43% similarity, 34% identity) (2) . Reactivity studies of HmaS in H 2 18 O have shown that Ϸ50% of the label is incorporated in the hydroxyl group of the product at the benzylic position, leading to the proposal that an Fe IV AO intermediate is involved in the hydrogenatom abstraction reaction (2) . Analogous studies of HPPD show that a similar amount of the oxygen of the hydroxylated aromatic ring also derives from solvent (14) . In comparing the reactivities of HPPD and HmaS, previous density functional theory studies have calculated similar reaction barriers for the two enzymes (15) , whereas second sphere mutations of HPPD have led to the formation of some benzylic hydroxylated product similar to the HmaS reaction (16) .
A methodology developed in our laboratory employing a combination of CD, MCD, and variable-temperature, variable-field (VTVH) MCD spectroscopies provides a way to directly study S ϭ 2 mononuclear non-heme Fe II sites (1, 17) . Previously, this methodology was used to gain insight into the active site structures of resting and substrate-bound HPPD (10) . Resting HPPD was found to contain a small 5C component with binding of HPP substrate leading to a new site Fe II site composed of a mixture of distinct 5C and 6C species, with bidentate coordination of the ␣-keto acid moiety of HPP to Fe II . The ␣-KG enzymes typically have 6C resting sites that convert to 5C upon binding of both ␣-KG and substrate, whereas another class of mononuclear non-heme iron enzymes, the extradiol dioxygenases, are 5C in both the resting and substratebound forms (17) . Thus, despite the fact that HPPD is an ␣-keto acid-dependent enzyme, its approach to O 2 activation mimics that of the extradiol dioxygenases, hence, bridging these two classes of enzymes. In the present study, this Fe II methodology is applied to HmaS to evaluate the factors that affect substrate interactions at the active site and to correlate them to the different reactivities exhibited by HmaS and HPPD to the same substrate. Combined with density functional theory calculations, it is found that HmaS and HPPD have similar substrate-bound (ES) complexes and that the difference in reactivities can be determined by the orientation of the aromatic ring of HPP by the protein pocket. These studies support a similar transition state for both reactions in which elongation of the Fe IV AO bond along the reaction coordinate leads to dominant Fe III OO •Ϫ character, which significantly contributes to the reactivity with either the aromatic -system or the C-H -bond.
Results and Analysis
CD and MCD Spectroscopy of HmaS and HPPD. Analysis of the energies and splitting pattern of CD͞MCD bands provides insight into the geometric and electronic structures of the ferrous active sites in HmaS and HPPD (18, 19) . The 278 K CD spectrum of apoHmaS is featureless (Fig. 1A , black curve), whereas addition of 0.9 eq of Fe II results in a spectrum with two positive ligand field (LF) bands at Ϸ8,100 cm Ϫ1 and Ϸ10,450 cm Ϫ1 ( Fig. 1 A, 1E) is well described by a negative zero-field splitting (ZFS) non-Kramer's doublet model with ground-state spin Hamiltonian parameters of ␦ ϭ 2.2 Ϯ 0.2 cm Ϫ1 and g ʈ ϭ 9.1 Ϯ 0.4 cm Ϫ1 (␦ is the ZFS of the M s ϭ Ϯ2 doublet and g defines its Zeeman splitting). These values of ␦ and g ʈ give ⌬ ϭ Ϸ300 Ϯ 150 cm Ϫ1 and V͞2⌬ ϭ 0.10, which reflect the axial (E xz,yz Ϫ E xy ϭ ⌬) and rhombic (E xz Ϫ E yz ϭ V) d splitting of the t 2g set of d orbitals on the Fe II . The V͞2⌬ for HmaS͞Fe II is far from the rhombic limit (0.33, which is typical for 6C ferrous sites), indicating an axially distorted site likely reflecting a weakly coordinated water. The saturation magnetization data collected at 9,435 cm Ϫ1 (Fig. 8A , which is published as supporting information on the PNAS web site) are identical to the data collected at 8,550 cm Ϫ1 , supporting the presence of a single, 6C species.
Our previous near-infrared CD studies of HPPD͞Fe II showed the presence of a broad asymmetric band composed of a lower energy weak and higher energy intense LF bands at Ϸ8,500 cm Ϫ1 and Ϸ10,500 cm Ϫ1 (Fig. 1C , blue curve), analogous to the results for HmaS͞Fe II . The 1.8 K, 7T MCD spectrum of resting HPPD͞Fe II (Fig. 1D , blue curve) contains positive LF features at Ͻ5,000 cm Ϫ1 and Ϸ8,900 cm Ϫ1 and a negative feature at Ϸ11,000 cm Ϫ1 . Based on the energies of these transitions, HPPD͞Fe II was determined to be a predominately 6C site (bands at Ϸ8,900 cm Ϫ1 and Ϸ10,000 cm Ϫ1 ) with an additional small 5C component (bands at Ͻ5,000 cm Ϫ1 and Ϸ11,000 cm Ϫ1 ) also present. The saturation magnetization behavior of the 6C band at Ϸ8,900 cm Ϫ1 (Fig. 1H) was well described by a negative ZFS non-Kramer's doublet model with ground-state spin Hamiltonian parameters of ␦ ϭ 2.6 Ϯ 0.2 cm Ϫ1 and g ʈ ϭ 9.0 Ϯ 0.4 corresponding to ⌬ ϭ Ϫ300 Ϯ 150 cm
Ϫ1
and V͞2⌬ ϭ 0.12 Ϯ 0.02, a similar small 5 T 2g ground-state splitting as observed for resting HmaS. As with HPPD, the small value of ␦ is consistent with an axially distorted 6C site, likely due to a weak water ligand. Thus, the CD and MCD studies of HmaS and HPPD indicate both resting sites are similar, axially distorted 6C sites, with an additional small 5C component present in HPPD͞Fe II .
Addition of 2.5 eq of HPP (saturating) to resting HmaS͞Fe II results in a significant change in the CD features, with a positive band at Ϸ7,700 cm Ϫ1 and a negative band at Ϸ9,700 cm Ϫ1 ( Fig. 1 A, red curve). The 5 K, 7T MCD spectrum of substrate-bound HmaS͞Fe II ͞HPP (Fig. 1B , red curve) contains a weak, positive LF feature at Ͻ5,000 cm Ϫ1 and additional positive LF features at Ϸ8,050, Ϸ9,850, and Ϸ11,600 cm Ϫ1 . In addition, a Fe II 3HPP charge transfer band at Ͼ15,000 cm Ϫ1 is observed, indicating direct coordination of HPP to Fe II . The observation of four features in the MCD spectrum of HmaS͞Fe II ͞HPP indicates the presence of two distinct ferrous species, given that LF theory and experiment dictate that a single Fe II site can have no more than two d3d transitions in this region. The positive bands at Ϸ8,050 and Ϸ9,850 cm Ϫ1 each correspond to a different ferrous species from the VTVH MCD data (see below). Because of its energy position and the sign of the ZFS of the associated ground state (from VTVH MCD data for this band), the Ϸ8,050-cm Ϫ1 band corresponds to a 6C component. Because 6C sites show two d3d transitions centered around Ϸ10,000 cm Ϫ1 , the band at Ϸ11,600 cm Ϫ1 would correspond to the second transition of the 6C component. The larger splitting of these bands (⌬ 5 E g Ϸ 3,550 cm Ϫ1 ) compared with the typical 5 E g splitting for distorted 6C sites (Ϸ2,000 cm Ϫ1 ) is consistent with one of the six ligands (likely H 2 O) being weakly axial. The additional positive band observed at Ϸ9,850 cm Ϫ1 and the low-energy LF transition at Ͻ5,000 cm Ϫ1 are at the proper energies to correspond to a distorted square pyramidal (sp) 5C component. The saturation magnetization behavior for HmaS͞Fe II ͞HPP collected at 7,635 cm Ϫ1 ( Fig.  1F) is well described as a positive ZFS non-Kramer's doublet (i.e., large nesting), with D ϭ 9.6 Ϯ 0.3 cm Ϫ1 and E ϭ 1.5 Ϯ 0.2 cm Ϫ1 (D and E are the axial and rhombic spin Hamiltonian parameters, respectively), corresponding to ⌬ ϭ ϩ750 Ϯ 100 cm Ϫ1 and V͞2⌬ ϭ 0.21 Ϯ 0.02. The large observed splitting of the 5 T 2g ground state is consistent with backbonding between Fe II and the bound ␣-keto acid, as previously observed for CS2͞Fe II ͞␣-KG (20) . Because of its energy position, the band at 7,635 cm Ϫ1 could correspond to a distorted 6C site or a trigonal bipyramidal (tbp) 5C site. Because tbp sites exhibit only negative ZFS, this band corresponds to a 6C species. The saturation magnetization behavior at 10,365 cm Ϫ1 is significantly less nested ( Fig. 8B) and cannot be fit to any single set of spin Hamiltonian parameters, consistent with the presence of overlapping bands at this energy. Therefore, the positive bands at Ϸ8,050 and Ϸ9,850 cm Ϫ1 in Fig. 1B are associated with different ferrous active sites with HPP bound and are consistent with the presence of a mixture of 5C and 6C species in the ES complex. The 1.8 K, 7T UV͞visible light MCD spectrum of HmaS͞Fe II ͞HPP (Fig. 9 , which is published as supporting information on the PNAS web site) is nearly identical to that previously reported for other ␣-KG-dependent dioxygenases (e.g., clavaminate synthase) (20, 21) with metal-to-ligand charge transfer and n3* transitions at Ϸ20,500 cm Ϫ1 and Ϸ 29,000 cm Ϫ1 , respectively. Previous studies have shown that these transitions arise from bidentate coordination of an ␣-keto acid moiety to Fe II , thus indicating the bidentate coordination of HPP to Fe II via the ␣-keto acid moiety of the substrate (20) . Thus, a combination of CD, MCD, and VTVH MCD studies indicate that the ES complex of HmaS is a mixture of distinct 5C and 6C species in which the ␣-keto acid moiety of HPP is bound to Fe II in a bidentate fashion.
Previous near-infrared CD studies of the ES complex of HPPD showed the presence of a negative feature at Ϸ9,000 cm Ϫ1 and a positive feature at Ϸ11,000 cm Ϫ1 (Fig. 1C , red curve) (10). The 1.8 K, 7T near-infrared MCD spectrum of HPPD͞Fe II ͞HPP (Fig. 1D , red curve) contained LF features at Ͻ5,000 cm Ϫ1 , Ϸ8,500 cm Ϫ1 , and Ϸ11,500 cm Ϫ1 and a charge transfer feature at Ͼ15,000 cm Ϫ1 , indicating HPP coordinates to the Fe II (10) . The presence of more than two LF transitions indicated a mixture of Fe II species corresponding to a predominately 6C site with a small additional 5C component. The saturation magnetization behavior for the 6C band at Ϸ8,500 cm Ϫ1 (Fig. 1I ) was fit as a negative ZFS non-Kramer's doublet with ground-state spin Hamiltonian parameters of ␦ ϭ 2.4 Ϯ 0.2 cm Ϫ1 and g ʈ ϭ 8.9 Ϯ 0.3, corresponding to a large splitting of the ground state (⌬ ϭ Ϫ1,000 Ϯ 200 cm Ϫ1 and V͞2⌬ ϭ 0.25 Ϯ 0.02) analogous to the large splitting observed for HmaS͞Fe II ͞HPP (10). Combined with the 1.8 K, 7T UV͞visible light MCD spectrum of HPPD͞Fe II ͞HPP (Fig. 9 ), which is nearly identical to that for the ES complex of HmaS, both HmaS and HPPD exhibit the same bidentate binding of the ␣-keto acid moiety of HPP to Fe II . Thus, the spectroscopic results indicate similar ES complexes for both HmaS and HPPD, a mixture of distinct 5C and 6C components with analogous bidentate coordination of the ␣-keto acid of HPP to Fe II . However, there is one key difference between the ES complexes observed in their CD spectra, where the signs of the two bands are inverted between HmaS and HPPD ( Fig. 1 A vs. C, red curves). Because CD signs are sensitive to the local environment around the ferrous site, one possible explanation is that the observed CD difference is due to different orientations of the aromatic ring of the substrate in the two ES complexes.
To test this possibility, pyruvate was used as an analog of HPP where the aromatic ring is not present, eliminating the contribution of the aromatic ring of HPP to the CD and MCD spectra. Addition of 100 eq of pyruvate (saturating) to resting HmaS͞Fe II and HPPD͞Fe II results in a significant change in the CD features with a negative band at Ϸ7,980 cm Ϫ1 and a positive band at Ϸ10,800 cm Ϫ1 (Fig. 1 A and C, green curve) for both species. Thus, the removal of the aromatic ring leads to similar CD spectra (including the same CD signs) for both enzymes. The 1.8 K, 7T MCD spectra of HmaS͞Fe II ͞pyruvate and HPPD͞Fe II ͞pyruvate ( Fig. 1 B and D , green curve) both contain a weak positive feature at Ͻ5,000 cm Ϫ1 and at least two additional positive features between 8,000 and 12,000 cm Ϫ1 . The low-energy features indicate the presence of a 5C species for both pyruvate complexes, whereas the higher energy LF transitions at Ϸ8,600 cm Ϫ1 lie at the appropriate energy to correspond to a 6C species. The saturation magnetization curves of the 6C bands at Ϸ8,600 cm Ϫ1 for HmaS͞Fe II ͞pyruvate (Fig. 1G ) and HPPD͞Fe II ͞pyruvate (Fig. 1J ) are both well described by a negative ZFS non-Kramer's doublet model with ground-state spin Hamiltonian parameters of ␦ ϭ 2.6 Ϯ 0.2 cm Ϫ1 and g ʈ ϭ 9.0 Ϯ 0.3, corresponding to ⌬ ϭ Ϫ1,000 Ϯ 150 cm Ϫ1 and V͞2⌬ ϭ 0.26 Ϯ 0.02. The saturation magnetization behavior collected on the higher energy LF bands at 10,205 cm Ϫ1 for HmaS͞Fe II ͞pyruvate and at 11,365 cm Ϫ1 for HPPD͞Fe II ͞pyruvate (Fig. 8 C and D) is different from that of the Ϸ8,600 cm Ϫ1 band and could not be fit to the same parameters or to any single set of spin Hamiltonian parameters, indicating that there are contributions from both the 5C and 6C species in this region. The large 5 T 2g ground-state splittings observed for the 6C components and the UV͞visible light MCD spectra (Fig. 10 , which is published as supporting information on the PNAS web site), which show the presence of metal-to-ligand charge transfer and n3* transitions, are indicative of bidentate ␣-keto acid coordination in both enzymes. Overall, the combined spectroscopic results indicate similar pyruvate-bound complexes for both HmaS and HPPD, a mixture of distinct 5C and 6C components with analogous bidentate coordination of the ␣-keto acid of pyruvate to Fe II . Importantly, the CD spectra are now nearly identical, indicating that the presence of the aromatic ring in HPP is the source of the observed CD sign inversion in the ES complexes, supporting different orientations of the aromatic ring in HmaS relative to HPPD.
These experimental studies strongly suggest a model in which two enzymes that use the same substrate but do two different reactions (hydrogen-atom abstraction vs. electrophilic attack) have similar ES complexes that are reactive with dioxygen, only differing in the orientation of the aromatic ring of the substrate.
Computational Studies. According to the commonly considered mechanism for ␣-KG-dependent dioxygenases and related enzymes, the 5C component of the substrate-bound enzyme would react with dioxygen and activate it for nucleophilic attack on the ␣-carbon of the ␣-keto acid moiety, resulting in a bridged intermediate. A concerted decarboxylation and heterolytic OOO bond cleavage is invoked, yielding CO 2 and an Fe IV AO intermediate, which is believed to be the active oxidizing species reacting with the substrate. In the cases of HPPD and HmaS, the ␣-keto acid is part of the substrate HPP and decarboxylation forms (4-hydroxyphenyl)acetate (HPA) still covalently linked to the iron. The spectroscopic comparison (see CD and MCD Spectroscopy of HmaS and HPPD) suggests similar active sites for HPPD͞Fe II ͞HPP and HmaS͞Fe II ͞HPP. Therefore, similar Fe IV AO intermediates can be inferred in both enzymes.
The first step in the reaction of these Fe IV AO intermediates with HPA is the focus of the computational part of this study, concentrating on similarities and differences between the aromatic electrophilic attack and -complex formation carried out by HPPD (Scheme 2 Left) and the hydrogen-atom abstraction from the benzylic carbon and formation of a ferric-hydroxide species performed by HmaS (Scheme 2 Right). Possible structures of the iron-oxo intermediate. Because the coordination number and geometry of the invoked Fe IV AO intermediate is unknown, several possibilities for 5C and 6C iron-oxo intermediates were tested. The crystal structure of the ferrous form of the enzyme HPPD complexed with the inhibitor NTBC (Protein Data Bank ID code 1T47) (Fig. 11 A, which is published as supporting information on the PNAS web site) (9) provides the binding sites of the three enzyme residues, two histidine and one glutamate forming a facial triad, and the position of the oxo, occupying the O 2 binding site trans to e Replacing the inhibitor with the natural substrate and following the reaction mechanism through OOO bond cleavage and decarboxylation leads to an Fe IV AO intermediate with the oxo trans to one of the two histidine residues and the decarboxylated substrate, HPA, covalently linked to the iron trans to the glutamate. Thus, only monodendate binding modes of HPA are considered. Because some crystal structures of nonheme iron enzymes show glutamate or aspartate residues with bidentate coordination to the iron center (23, 24) , such a bidentate binding mode of Glu-349 was assessed here. However, according to our calculations, Glu-349 prefers to bind monodentately, with either a long distance between the iron and the second oxygen (2.5 Å) (Fig. 11B) or hydrogen-bonded to His-187 ( Fig. 11 C and D) .
(The cartesian coordinates for all optimized structures are given in Table 1 , which is published as supporting information on the PNAS web site.) X-ray studies on a mutant of a related ␣-KG enzyme, DAOCS, have proposed that CO 2 might remain bound to the iron center after decarboxylation (25) . According to our calculations, however, there is no binding affinity between CO 2 and the Fe IV AO intermediate (Fig. 11E) . Thus, we propose, in agreement with experimental studies of product release (11) and previous computational studies, that CO 2 is released from the active site before or concomitant with the formation of the Fe IV AO intermediate. Consideration of these alternate possibilities lead to a 5C model of the Fe IV AO intermediate with three enzyme-derived ligands and a monodentately bound HPA. In agreement with Mössbauer experiments on the taurine dioxygenase iron-oxo intermediate (4), the S ϭ 2 spin is the ground state, with the S ϭ 1 and S ϭ 3 spin states higher in energy by 6 and 15 kcal͞mol, respectively (Fig. 11  F and G) .
Two basic structures are known for 5C complexes, sp and tbp. We find stable structures for both geometries at very similar energies, ⌬E Ͻ1 kcal͞mol (Fig. 11 C and D for sp and H for tbp) . Thus, both sp and tbp geometries are energetically available for the iron-oxo intermediate, provided there is some flexibility in the enzyme environment. Interestingly, in the tbp structures, the oxo is one of the axial ligands; however, in the sp structures, the oxo is in the equatorial position. This tendency can be understood in terms of the molecular orbitals involved: In a d 4 , hs system a strong donor ligand, in this case the oxo, prefers the axial position in a tbp, and an equatorial position in a sp structure to maximize bond strength (26) .
Importantly, the reactive substrate, HPA, is flexible, allowing for different orientations relative to the FeOO moiety. Starting structures for either benzylic hydrogen-atom abstraction or electrophilic aromatic attack (R-2 and R-1, respectively) are very similar in energy (⌬E Ͻ2 kcal͞mol). The protein pockets of the two enzymes would be able to orient these different conformations of HPA, thus leading to differences in reactivity of HPPD and HmaS. Reaction coordinate. Aromatic electrophilic attack (HPPD). The first step in the mechanism of aromatic hydroxylation catalyzed by HPPD is the attack of the Fe IV AO intermediate on the aromatic ring at the C1 position and formation of a ferric -complex (Scheme 2 Left). The calculated energy for this reaction is about thermoneutral with a Gibbs free reaction energy of ⌬G ϭ ϩ5 kcal͞mol. The activation energy is E a ϭ ϩ16 kcal͞mol. The optimized geometries of the iron-oxo intermediate with a substrate orientation suitable for reaction between the oxoligand and the phenyl C1, R-1, the transition state, TS-1, and the C1 -complex, P-1(5͞2), are shown in Fig. 2 . The iron-oxo intermediate, R-1, is sp with the oxo-ligand in the equatorial position, whereas both the transition state, TS-1, and the ferric -complex, P-1(5͞2), are tbp. The FeOO bond is elongated along the reaction coordinate from r(FeOO) ϭ 1.65 Å in R-1 and r(FeOO) ϭ 1.74 Å in the transition state (TS-1) to r(FeOO) ϭ 1.84 Å in the -complex, P-1(5͞2). Along the reaction coordinate, the distance between the oxo and the phenyl C1 carbon decreases and the planar sp 2 C1 carbon distorts to a tetrahedral sp 3 geometry to form the new COO bond, thereby eliminating the aromaticity of the phenyl ring. At the transition state, however, the COO distance is still long, r(OOC) ϭ 2.21 Å, and the C1 is not yet significantly distorted from its planar, aromatic structure.
The Fe IV AO intermediate (S ϭ 2) has four Fe(d) electrons that occupy ␣-spin molecular orbitals (MOs), leaving one ␣-spin Fe(d) and all five ␤-spin Fe(d) MOs unoccupied (Fig. 3 Left) . In the sp geometry of R-1, this unoccupied ␣-spin Fe(d) orbital is the Fe-d(x 2 Ϫ y 2 ) orbital and has -antibonding interactions with the four equatorial ligands including the oxo, i.e., FeOO * (Fig. 4 Left; see also Fig. 13 and Table 2 , which are published as supporting information on the PNAS web site, for a complete energy level diagram and the MO coefficients of all optimized complexes). This ␣-spin lowest unoccupied MO (␣-LUMO) has a significant amount of oxygen character [28% O-p(x)] and is as low in energy as the ␤-LUMO because of spin polarization. This ␣-LUMO is the key frontier MO (FMO) reacting with the aromatic -system in this electrophilic reaction, and it provides all of the characteristics required for a good electrophile according to FMO theory, i.e., a low-lying unoccupied orbital with a large coefficient on the reacting atom and good potential overlap with the reactive orbital on the substrate.
At the transition state, as the FeOO bond is elongated, the ␣-LUMO has lost most of its Fe(d) character and all ␣-spin Fe(d) orbitals are occupied (Fig. 4 Center) . Thus, the iron has apparently been reduced from the Fe IV to the hs Fe III (S Fe ϭ 5͞2) level. Importantly, the ␣-LUMO is now mainly oxygen in character, 48% O-p(x). A hole is generated on the oxygen p-orbital, i.e., the oxo is oxidized to an oxyl, O •Ϫ . Therefore, the transition state is best described as a ferric-oxyl species, Fe III OO •Ϫ , and the electrophilic character of the iron-oxo intermediate has been amplified by increasing the oxygen character in the key FMO, the ␣-LUMO. This localization of an electron hole on the oxo is independent of the substrate and can be reached by simply elongating the FeOO bond (Fig. 14 , which is published as supporting information on the PNAS web site). In addition, an interaction between the oxygen and the C1 of the phenyl ring is starting to develop at the transition state, mixing occupied phenyl -orbital character into this ␣-LUMO (Fig.  4 Center). Further along the reaction coordinate, after the transition state, the phenyl -orbital character increases in the ␣-LUMO, while the oxygen O-p(x) character decreases, thus transferring the radical character from the oxygen to the phenyl ring (Fig. 4 Right) . The final C1--complex, P-1(5͞2), is a hs ferric complex (S Fe ϭ 5͞2) antiferromagnetically coupled to the phenyl-radical (␣-spin hole, S phe ϭ Ϫ1͞2) (Fig. 3 Right) , preserving the S tot ϭ 2 spin.
There are two major contributions to the activation barrier E a ϭ ϩ16 kcal͞mol: (i) Stretching and thus weakening the FeOO bond from 1.65 Å to 1.74 Å, which forms the ferric-oxyl species, costs Ϸ6 kcal͞mol, g and (ii) distorting the sp geometry in R-1 toward the tbp in TS-1 costs Ϸ8 kcal͞mol. There is no energetic contribution to the activation barrier from the HPA substrate, because no significant distortion of the phenyl C1 from a planar sp 2 to the tetrahedral sp 3 geometry has taken place at the transition state.
To summarize, we find that the first step of the aromatic electrophilic attack, i.e., formation of a -complex has a relatively low activation barrier, E a ϭ ϩ16 kcal͞mol. The ␣-LUMO of the iron-oxo intermediate could be identified as the key FMO, and the mode of activation for electrophilic attack involves FeOO bond elongation resulting in the ferric-oxyl, Fe III OO
•Ϫ nature at the transition state.
Hydrogen-atom abstraction (HmaS). HmaS utilizes the same substrate as HPPD but performs a benzylic hydroxylation reaction. The first step in the reaction of the Fe IV AO intermediate with the substrate is believed to be an hydrogen-atom abstraction from the benzylic carbon to form a ferric-hydroxy species and a benzylic-radical (Scheme 2 Right). The calculated activation energy for this hydrogen-atom abstraction is E a ϭ ϩ14 kcal͞mol, very similar to the barrier calculated for the -complex formation (E a ϭ ϩ16 kcal͞mol). This reaction step is calculated be to exergonic with a Gibbs free reaction energy ⌬G ϭ Ϫ6 kcal͞mol, thereby Ϸ11 kcal͞mol more favorable compared with the -complex formation (⌬G ϭ ϩ5 kcal͞mol). f The optimized geometries of the iron-oxo intermediate in a substrate conformation for benzylic hydrogen-atom abstraction, R-2, the transition state, TS-2, the ferric-hydroxy species with the g This value is consistent with the calculated FeOO stretching frequency and with the experimental one found for the Fe IV AO in taurine dioxygenase (5). R-1, TS-1, and P-1(5͞2).   Fig. 2 . Structures of the iron-oxo intermediate in the starting position for aromatic electrophilic attack, R-1, the transition state for this reaction, TS-1, and the C1 -complex, P-1(5͞2) (for details, see Fig. 12 , which is published as supporting information on the PNAS web site). benzylic radical, P-2(3͞2) are shown in Fig. 5 . As for the -attack onto the phenylic carbon, R-1, the iron-oxo intermediate, R-2, is sp with the oxo-ligand in the equatorial position. However, different from the -complex formation [see Aromatic electrophilic attack (HPPD)], the transition state, TS-2, and the ferric-hydroxide product, P-2(3͞2), preserve the sp geometry. The FeOO bond is elongated along the reaction coordinate from r(FeOO) ϭ 1.65 Å in R-2 to r(FeOO) ϭ 1.76 Å in the transition state (TS-2) to r(FeOO) ϭ 1.81 Å in P-2(3͞2). The hydrogen is transferred from the benzylic carbon, C b , toward the oxygen; in the transition state, the COH bond is partially broken, and the hydrogen is symmetrically located between the carbon and the oxygen, r(C b OH) ϭ r(OOH) ϭ 1.28 Å. Thus, in this reaction, the substrate does participate in the transition state, whereas, in the -complex formation [see Aromatic electrophilic attack (HPPD)], there was no distortion in the substrate at the transition state.
The hydrogen-atom abstraction can be described as an electrophilic attack of the iron-oxo group on the electron density of the COH bond, parallel to the aromatic electrophilic attack. A major difference between the -complex formation and the hydrogenatom abstraction in this HPPD͞HmaS system, however, is the nature of the key FMO. Because of geometric constraints due to the covalent bond between the HPA and the iron, the hydrogen atom cannot approach the oxygen in a vertical orientation for good overlap between the COH -bond and the iron-oxo * orbital, the key FMO in the -complex formation [see Aromatic electrophilic attack (HPPD)]. It can only approach in a more horizontal orientation, achieving good overlap with the iron-oxo * orbitals. Thus, although the electronic structure of R-2 (Fig. 6 Left) is identical to R-1, the FMO essential for reactivity is not the ␣-LUMO with the FeOO * interaction, but one of the unoccupied ␤-spin FeOO * orbitals (Fig. 7 Left) . This ␤-spin orbital is unoccupied, relatively low in energy (see Fig. 16 , which is published as supporting information on the PNAS web site, for complete energy level diagram of R-2) and has significant oxygen character, 32% O-p(y), i.e., it is a good FMO for electrophilic attack. Thus, the key FMOs interactions in this hydrogen-atom abstraction reaction are the ␤-spin FeOO * with the COH orbitals.
h Despite the different nature of the key FMOs in the two reactions, the mode of activation for electrophilic attack is the same: As the FeOO bond is elongated along the reaction coordinate, the iron character in the FeOO * orbital decreases and the oxygen character increases. In TS-2, the ␤-LUMO is now mainly oxygen in character, 40% O-p(y) (Fig. 7 Center). The oxo has been oxidized to an oxyl, O •Ϫ , and the Fe IV has been reduced to an Fe III . The electronic structure of the transition state is best described as a ferric-oxyl species, Fe III OO •Ϫ equivalent to TS-1. However, different from TS-1, this reduction now occurs in the ␤-spin manifold. Thus, the Fe III in TS-2 is in an intermediate S Fe ϭ 3͞2 spin state (four occupied ␣-spin Fe(d) orbitals, one occupied ␤-spin Fe(d) orbital), leading to a ferric-hydroxy product, P-2(3͞2), with an intermediate spin S Fe ϭ 3͞2 on the iron, ferromagnetically coupled to the benzylic radical, S Cb ϭ 1͞2, maintaining the total spin S tot ϭ 2 (Fig. 6 Right). The differences in LF geometry, tbp in P-1(5͞2) and sp in P-2(3͞2), are due to the different electronic configurations of the iron center (S Fe ϭ 5͞2 and S Fe ϭ 3͞2 respectively). A sp geometry, with four strong * ligand interactions with the highest energy Fe(d) orbital and thus a large LF splitting, overcomes the electron-electron repulsion and stabilizes an intermediate spin Fe III , in which the highest energy Fe(d) orbital is unoccupied. The intermediate spin S Fe ϭ 3͞2 ferric-hydroxy product, P-2(3͞ 2), however, corresponds to an electronic excited state. A hs Fe III , S Fe ϭ 5͞2, in a tbp geometry [P-2(5͞2) in Fig. 17 , which is published as supporting information on the PNAS web site] is lower in energy by Ϸ10 kcal͞mol and is thus the electronic ground state.
i A mechanism for spin-surface crossing requires a spin flip from the ␤-spin HOMO [Fe-d(xz) and d(yz) mixed into the predominantly d(xy) orbital] to the ␣-spin LUMO [pure Fe-d(x 2 Ϫ y 2 )]; these can be coupled by L y S y and L x S x . The hs Fe III (S Fe ϭ 5͞2) species generated in the sp structure is isoenergetic to P-2(3͞2). Geometric deexcitation relaxes it to the tbp ground state, P-2(5͞2).
The activation barrier of the hydrogen-atom abstraction reaction, E a ϭ ϩ14 kcal͞mol, has two major contributions. Parallel to the activation barrier of the -complex formation, energy is required to stretch and weaken the FeOO bond, here from 1.65 to 1.76 Å, costing Ϸ7 kcal͞mol. However, in contrast to the electrophilic -attack mechanism, the second component of this activation h Although the energy difference between these orbitals is large in the iron-oxo complex, the COH orbital is rapidly destabilized as the COH bond weakens, decreasing ⌬E and increasing the strength of the interaction.
i The energies and geometric structures are independent of the benzyl radical being ferro-or antiferromagnetically coupled to the hs Fe III , resulting in Stot ϭ 3 and Stot ϭ 2, respectively. 
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barrier is not a structural distortion as the sp geometry does not change along the reaction coordinate. Instead, the substrate HPA is involved through the partial breaking of the COH bond at the transition state. According to Pauling's relation for the length of partial bonds (27) , the COH bond is Ϸ50% broken in the transition state, whereas only 32% of the HOO bond is formed. Thus, some energy is gained by partially forming the OOH bond, but more energy is required to break the COH bond. j Thus, the first step in the benzylic hydroxylation by the iron-oxo intermediate, i.e., hydrogen-atom abstraction has a very similar activation barrier compared to -complex formation by the same iron-oxo intermediate, E a ϭ ϩ14 kcal͞mol and E a ϭ ϩ16 kcal͞mol, respectively.
The same mode of activation for these electrophilic reactions has been identified: Elongation of the FeOO bond of the Fe IV AO intermediate gives rise to ferric-oxyl, Fe III OO •Ϫ , character in the transition state, thus making this active species an extremely strong electrophile with a low-lying unoccupied oxygen O-p orbital poised for reaction with substrate. However, different reaction pathways are followed. Because of geometric constraints of the covalently bound HPA to the iron active site, different FMO's are essential for the reaction: the ␣-LUMO FeOO * for the -complex formation and the ␤-spin FeOO * for the hydrogen-atom abstraction. The results are different spin states (hs S Fe ϭ 5͞2 and intermediate-spin S Fe ϭ 3͞2, respectively) and different geometric structures (tbp and sp, respectively) in the ferric products.
Discussion
The combination of CD, MCD, and VTVH MCD spectroscopies has provided significant insight into the active site geometric and electronic structures of two enzymes that use the same substrate yet exhibit two different reactivates: hydrogen-atom abstraction (HmaS) and electrophilic attack (HPPD). These studies have shown that the ES complexes of HmaS and HPPD are in fact very similar, both composed of a mixture of distinct 5C and 6C species with HPP substrate bound bidentately to Fe II through its ␣-keto acid moiety. Although the coordination to Fe II is similar, a key difference is observed: The CD spectra are reversed, which supports a model in which the aromatic ring of HPP adopts different conformations in HmaS and HPPD. Thus, the spectroscopic results suggest that the difference in reactivities is not attributable to differences in the electronic structure of the active site of the ES complexes and, hence, differences in the electronic structures of the iron-oxygen intermediates generated along the reaction coordinate. Instead, similar iron-oxo intermediates appear to be responsible for both reactivities, and it is the orientation of the aromatic ring relative to the Fe IV AO that determines the reactivity. This conclusion is supported by density functional theory calculations that indicate a negligible difference in the energies of the two ring conformations for hydrogen-atom vs. electrophilic attack (⌬E ϭ 1.6 kcal͞mol) and a similar reaction barrier for these two reactions from a single Fe IV AO intermediate.
Although no x-ray structure of HmaS has been reported, several structures exist of the resting and inhibitor-bound HPPD that show -stacking interactions between the aromatic ring of the inhibitors and two Phe residues in the enzyme pocket. Comparison of the calculated starting structure for the aromatic electrophilic attack with these x-ray structures shows that the orientation of the aromatic rings is similar and that -stacking interaction would be possible for the calculated structure (Fig. 18A , which is published as supporting information on the PNAS web site). In contrast, modeling the calculated starting structure for hydrogen-atom abstraction into the HPPD active site shows that, although the binding pocket might be able to accommodate the substrate in this orientation, -stacking interactions would require a significant rearrangement of the enzyme Phe residues (Fig. 18B) . This idea is consistent with reported mutational studies of HPPD showing that a single mutation in the substrate binding pocket of one of the Phe residues involved in -stacking (F337I) leads to the production of both (S)-(4-hydroxy)mandelate and homogentisate (16) . Further analysis of the enzymatic control of substrate binding in the enzyme pocket will be possible when a crystal structure of HmaS becomes available.
As seen in Computational Studies, the mechanism for activating the iron-oxo intermediate for electrophilic reactivity is the same for both, aromatic electrophilic attack and hydrogen-atom abstraction: Elongation of the FeOO bond transforms the ferryl-oxo, Fe IV AO 2Ϫ , to a ferric-oxyl, Fe III OO •Ϫ species in the transition state (Scheme 3). The short FeOO bond in the Fe IV AO intermediate allows for large -and especially -overlap between the iron d-and oxo p-orbitals, forming a strong covalent bond, which enables significant charge donation from the oxo to the iron to stabilize the high oxidation state. Elongation of the Fe-O bond decreases the overlap and significantly reduces the charge donation. In this case one electron is transferred from the oxo to the iron, which results in significant spin polarization and the bi-radical character of the ferric-oxyl transition state. The dominant radical character on the oxygen significantly increases its electrophilicity, enhancing the reactivity with the electron density on the aromatic -system or the COH -bond.
A difference between the reaction mechanisms of aromatic electrophilic attack and hydrogen-atom abstraction is the substrate participation in the transition state. As seen in Aromatic electrophilic attack (HPPD) in Reaction coordinate, there is no energetic contribution to the activation barrier for -complex formation from HPA; no significant distortion of the planar phenyl C1 (sp 2 ) to a tetrahedral (sp 3 ) geometry has taken place at the transition state. In contrast, in the transition state for hydrogen-atom abstraction [see Hydrogen-atom abstraction (HmaS) in Reaction coordinate], energy is required to partially break the COH bond. Thus, this activation energy is somewhat dependent on the COH bond strength of the substrate.
Specific to this HPPD͞HmaS system is the fact that the substrate HPA is directly coordinated to the iron center, which is the origin of another important difference between the two reaction mechanisms. Although the substrate can orient itself such that the aromatic -system can approach the oxo from a vertical direction, the benzylic COH -bond can only approach in a more horizontal orientation. The different orientations lead to interactions with different FMOs: The vertical approach allows for good overlap with the FeOO * FMO (in ␣-spin) for -complex formation, and the more horizontal orientation achieves overlap with the FeOO * FMO (␤-spin) for the hydrogen-atom abstraction reaction. Interaction with ␣-spin vs. ␤-spin FMOs lead to different spin states of the reduced Fe III in the transition state as well as in the products, j This calculation takes into account the fact that the OOH bond in the products is stronger than the benzylic COH bond. the aromatic -attack generating a hs Fe III (S ϭ 5͞2) and the hydrogen-atom resulting in an intermediate-spin Fe III (S ϭ 3͞2) Hence, hs Fe IV AO enzyme intermediates seem to have two possible pathways for electrophilic reactions. A vertical approach of the substrate involves the ␣-spin FeOO * orbital as the key FMO, whereas the ␤-spin FeOO * orbital can be used for a more horizontal substrate orientation. This difference between the reactivity of hs (S ϭ 2) and low-spin (ls) (S ϭ 1) Fe IV AO systems is potentially important. In ls complexes, the ␣-spin FeOO * orbital is much higher in energy because of the lower spin polarization and likely not available as a good FMO for electrophilic attack. Thus electrophilic reactivity of a ls Fe IV AO will likely occur only through a more horizontal substrate approach interacting with the ␤-spin FeOO * orbital.
In summary, spectroscopic studies of HmaS and HPPD suggest a model in which both enzymes form similar ES complexes but with different orientations of the aromatic ring of HPP. Thus, the role of the protein pocket in determining the different reactivities exhibited by these enzymes (hydrogen-atom abstraction vs. aromatic electrophilic attack) is to properly orient the substrate and to allow for LF geometric changes (sp vs. tbp) along the reaction coordinate. FeOO bond elongation and a dominant ferric-oxyl character in the transition state for both reactions activates the ferryl-oxo intermediate for electrophilic reactivity.
Materials and Methods
Isolation of HmaS and HPPD. HmaS and HPPD were purified according to previously published methods (2, 3) . His-tag-free HmaS was also prepared and used to show that there was no binding of Fe II to the His tag upon substoichiometric Fe II addition (Fig. 19 , which is published as supporting information on the PNAS web site). For further details see Supporting Materials and Methods, which is published as supporting information on the PNAS web site.
CD and MCD Spectroscopy. All samples for spectroscopy were prepared under inert atmosphere inside a N 2 -purged wet box. apoHmaS and apoHPPD were exchanged into deuterated Hepes buffer (100 mM, pH 7.0) and concentrated to 3.5-4.5 mM by using a 4-ml Ultrafree-4 ultrafiltration cell with a 10-kDa membrane. The enzymes were made anaerobic by purging with argon gas on a Schlenk line at 0°C for 1 h. Fe II , HPP, and pyruvate were added in microliter quantities from anaerobic stock solutions in degassed Hepes buffer (100 mM, pH 7.0). Glycerol-d 3 was added at 50-60% (vol͞vol) to the solutions for the preparation of MCD samples. CD spectra were taken with and without glycerol addition to ensure that the site was unaffected by the glassing agent.
Near-infrared (600-2,000 nm) CD and MCD data were recorded on a J-200D spectropolarimeter (Jasco, Tokyo, Japan) with a liquid N 2 -cooled InSb detector and equipped with an SM4000-7 Tesla (T) superconducting magnet (Oxford Instruments, Oxon, United Kingdom). UV͞visual light (300-900 nm) MCD data were recorded on a Jasco J810 spectropolarimeter with an extended S-20 photomultiplier tube and equipped with an Oxford Instruments SM4000-7T superconducting magnet. CD spectra were corrected for buffer and cell baselines by subtraction, and MCD spectra were corrected for the natural CD and zero-field baseline effects by averaging the positive and negative field data at a given temperature. VTVH MCD data were collected with a calibrated Cernox resistor (calibrated 1.5-300 K; Lakeshore Cryogenics, Westerville, OH) inserted into the sample cell to accurately measure the sample temperature. VTVH data were normalized to the maximum observed intensity over all isotherms for a given wavelength, and the ground-state parameters were extracted by fitting in accordance with published procedures (18, 28) . 
